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Objective: Physiological magnetic resonance imaging (MRI) under loading or knee malalignment
conditions has not been thoroughly investigated. We assessed the inﬂuence of static loading and knee
alignment on T2 (transverse relaxation time) mapping of the knee femoral cartilage of porcine knee
joints using a non-metallic pressure device.
Methods: Ten porcine knee joints were harvested en bloc with intact capsules and surrounding muscles
and imaged using a custom-made pressure device and 3.0-T MRI system. Sagittal T2 maps were obtained
(1) at knee neutral alignment without external loading (no loading), (2) under mechanical compression
of 140 N (neutral loading), and (3) under the same loading conditions as in (2) with the knee at 10 varus
alignment (varus loading). T2 values of deep, intermediate, and superﬁcial zones of the medial and
lateral femoral cartilages at the weight-bearing area were compared among these conditions using
custom-made software. Cartilage contact pressure between the femoral and tibial cartilages, measured
by a pressure-sensitive ﬁlm, was correlated with cartilage T2 measurements.
Results: In the medial cartilage, mean T2 values of the deep, intermediate, and superﬁcial zones
decreased by 1.4%, 13.0%, and 6.0% under neutral loading. They further decreased by 4.3%, 19.3%, and
17.2% under varus loading compared to no loading. In the lateral cartilage, these mean T2 values
decreased by 3.9%, 7.7%, and 4.2% under neutral loading, but increased by 1.6%, 9.6%, and 7.2% under varus
loading. There was a signiﬁcant decrease in T2 values in the intermediate zone of the medial cartilage
under both neutral and varus loading, and in the superﬁcial zone of the medial cartilage under varus
loading (P< 0.05). Total contact pressure values under neutral loading and varus loading conditions
signiﬁcantly correlated with T2 values in the superﬁcial and intermediate zones of the medial cartilages.
Conclusions: The response of T2 to change in static loading or alignment varied between the medial and
lateral cartilages, and among the deep, intermediate, and superﬁcial zones. These T2 changes were
signiﬁcantly related to the contact pressure measurements. Our results indicate that T2 mapping under
loading allows non-invasive, biomechanical assessment of site-speciﬁc stress distribution in the cartilage.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Knee imaging using quantitative magnetic resonance imaging
(MRI) techniques such as delayed gadolinium-enhanced MRI of
cartilage (dGEMRIC), transverse relaxation time (T2) mapping and
T1rho showed great advancements in non-invasive assessment of
the articular cartilage, particularly with regard to matrixTakashi Nishii, Department of
Medical School, 2-2 Yama-
3271; Fax: 81-6-6879-3272.
ishii).
s Research Society International. Pcomposition and degenerative changes1e4. Sensitive evaluations of
water, collagen, and proteoglycan content or collagen arrangement
in the cartilage in vivo were made using the aforementioned tech-
niques, without performing destructive retrieval analysis. Quanti-
tativeMRI revealedsite-speciﬁc andage-or sex-dependentvariation
in normal cartilage composition and allowed early detection of
osteoarthritic involvementof knee cartilages3,5.MRI inmost of these
investigations was performed without externally loading the knee
with patients or volunteers lying supine on the imaging table.
The articular cartilage in the knee joint has a load-bearing
function in conjunction with the interposed meniscus owing to its
highly organized collagen architecture and the osmotic pressureublished by Elsevier Ltd. All rights reserved.
Fig. 1. Custom-made compression device along with a porcine knee joint. Axial
compression force was transmitted to the knee joint via a sliding plate (*) bounded by
a viscoelastic foam material (arrow). A: neutral position. B: 10 varus position.
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activities such as standing or walking, the articular cartilage in the
knee joint is subjected to substantial external loading, which leads
to cartilage deformation along with alteration in the collagen
architecture or water distribution within the cartilage6,7. This
property of the cartilage under loading differs among individuals,
depending upon factors such as weight, knee alignment, ligament
instability, and involvement of injury or degeneration of the carti-
lage and meniscus. Therefore, it is important to evaluate the
articular cartilage under loading for each individual to understand
the physiological and biomechanical status of the knee and to
explore the disorders of stress resistance function of the cartilage
that may lead to progression of osteoarthritis.
Responsiveness of the normal cartilage to compressive loading
was investigated using excised cartilage plugs or exposed articular
surfaces in experimental studies on MRI8e10. Changes in cartilage
thickness and signal intensity were observed in response to an
increase in loading.AmongallMRIparameters, cartilageT2mapping
of cartilage is inﬂuenced by water content and collagen ﬁber
orientation of cartilage and is indicated as a potent quantitative
index for the load response of the articular cartilage11e13. However,
few studies have investigated the load response of the articular
cartilage in an intact knee joint, with preservation of the other
fundamental structures such as menisci, ligaments, and capsules.
We developed a non-metallic pressure device for intact porcine
knee joints that allowed MRI under variable loading or knee
alignment conditions as a whole-joint model retaining the menisci,
ligaments, and capsules in situ. The purpose of this study was to
assess the load-bearing function of the femoral cartilage in asso-
ciation with knee alignment, using cartilage T2 as a surrogate of
cartilage matrix changes.
Materials and methods
Preparation of porcine specimens and loading device
Ten fresh porcine knee joints were harvested en blocwith intact
capsules and surrounding muscles and stored at 40C. On the day
of MRI, specimens were thawed at room temperature before the
investigation. After conducting imaging and mechanical experi-
ments, macroscopic inspection of the joint surfaces did not reveal
any signs of joint disease or cartilage degeneration in the specimens
used.
Knee joints were mounted in the non-metallic custom
compression device, which was ﬁtted into the head coil (eight-
channel brain phased array coil, GE Healthcare, WI, USA) of an MRI
scanner (Fig. 1). The femoral shaft was ﬁrmly ﬁxed to the non-
mobile base of the device by holding it between two acryl blades.
The tibia was ﬁrmly ﬁxed to the opposite side of the mobile plate
such that tibial movement along the longitudinal axis and varus/
valgus rotation of the knee was possible. The knee was positioned
at 20 ﬂexion, simulating the normal standing position of pigs.
Under static loading conditions, axial compression force was
transmitted to the knee joint via a sliding plate bounded by a foam
material. The load was generated by a screw compression driver on
one end. The viscoelastic foam material, which was made of poly-
oleﬁn elastomer (Fig. 1), was compressed by 10 mm displacement
and the uniaxial constitution force according to the degree of
displacement was transmitted to the knee joint through an acryl
plate. We used new foam material on each knee joint to avoid
degeneration of the foam material. Hayashi et al. studied static and
dynamic characteristics and stability of some kinds of elastomeric
polymers by uniaxial tensile and fatigue tests in air, and demon-
strated polyoleﬁn elastomer had little stress relaxation14. The
compression force was applied to achieve 140 N across thetibiofemoral joint, which corresponded to approximately one-third
of the body weight of the specimen.
Accuracy test of loading in custom compression device
In a preliminary test, loading force in the custom compression
devicewasmeasured using an incompressible testing rod equipped
with a load cell (TU-BR, TEAC, Japan). The accuracy of the load cell is
within 0.05% rated output in non-linearity which means accuracy
of linear output, and within 0.05% rated output in hysteresis which
means reproducibility during loading. Compression force equiva-
lent to 140 N was applied continuously, and real force across the
testing rodwas recorded from the load cell after 5, 10 and 30 min of
compression to determine the time course of change in force
measurements. This test was repeated ﬁve times, and the mean
force measurements and the values of coefﬁcient of variation
[standard deviation/mean 100 (%)] were 140 N and 1.5% at 5 min,
138 N and 1.5% at 10 min, and 134 N and 1.8% at 30 min. We
conﬁrmed that constant pressure was applied after 5 mine30 min
of compression by the loading device.
MRI
MRIwasperformedusinga 3.0-TMRI system(GEHealthcare). The
devicewas placed in a head-ﬁrst orientation in the center of the head
coil. First, sagittal T2 maps and three-dimensional (3D) spoiled
gradient-echo (SPGR) images were obtained for the lateral and
medial femorotibial joints with neutral knee alignment and no
external compression (no loading). Next, sagittal T2 maps and 3D
SPGR images were obtained after 5 min of compression (neutral
loading-1). After imaging at neutral loading-1, compression was
continued for 30 min. Sagittal T2 maps and 3D SPGR images were
obtained again after 30 min of compression (neutral loading-2) to
examine the inﬂuence of loading duration on cartilage T2 measure-
ments comparedwith neutral loading-1. Finally, sagittal T2maps and
3D SPGR images were obtained under the same compression condi-
tions as above with the knee at 10 varus alignment (varus loading).
T2 maps were generated using a monoexponential ﬁt from two-
dimensional (2D) multi-spin echo sequences (TR, 1500 ms; eight
echoes between 10.0 ms and 80.0 ms; ﬁeld of view, 10 cm; matrix,
384 256; slice thickness, 3 mm; signal averaging, 1; acquiring
time, 6 min and 51 s). Frequency encoding was oriented in the
cranial-to-caudal direction. 3D SPGR images were acquired with fat
suppression (TR, 50 ms; TE, 10 ms; ﬁeld of view, 10 cm; matrix,
512 256; slice thickness, 3 mm; signal averaging, 4; acquiring
Fig. 2. Sagittal view of the femoral cartilage in the porcine knee, which was subdivided
into three zones using custom-made software.
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planes were obtained in each examination series using identical
axial localizing images.
Image analysis
Data was analyzed using custom-made software (Baum version
1.00; Osaka university, Japan). Sagittal images passing through the
middle of the medial and lateral femoral condyles were used. The
region of interest (ROI) was manually deﬁned on the weight-
bearing area of the medial and lateral femoral cartilages between
the anterior and posterior margins of the meniscus based on SPGR
images. The ROI was then transferred to the corresponding T2maps
and subdivided into superﬁcial, intermediate, and deep zones with
thickness one-third that of the total cartilage, automatically
yielding mean T2 values of each subdivided ROI (Fig. 2). Deﬁnitions
of ROI were repeated twice by a single observer (TS) and the T2
values of each medial and lateral ROI were averaged. Reproduc-
ibility between the two measurements was calculated as the
coefﬁcient of variation andmean reproducibility were calculated as
the root mean square average for all specimens. Reproducibility
values of T2 measurements in the superﬁcial, intermediate, and
deep zones were 3%, 4%, and 3% in the medial cartilage and 5%, 3%,
and 4% in the lateral cartilage, respectively. Inter-observer repro-
ducibility between two observers (TS and IN, an orthopaedic
surgeon) for deﬁnition of ROI was also evaluated in ﬁve knee joints.
The reproducibility of T2 measurements in the superﬁcial, inter-
mediate, and deep zoneswere 5%, 4%, and 5% in themedial cartilage
and 4%, 3%, and 3% in the lateral cartilage, respectively.
Joint pressure analysis with pressure-sensitive ﬁlm
FollowingMRI, the knee joints werewrapped in gauze soaked in
phosphate buffered saline (PBS) solution to be kept moist, and leftTable I
T2 values in each zone under no loading and each loading condition (N¼ 10)
No loading Neutral loading-1
Mean T2 (SD) Mean T2 (SD) Change (95% CI)
Medial cartilage
Deep 59.3 (3.7) 58.4 (5.2) 1.4 (5.7, 2.9)
Intermediate 62.4 (7.6) 54.4 (7.4) 13.0 (17.3, 8.7)
Superﬁcial 67.3 (6.4) 63.1 (6.4) 6.0 (9.1, 3.0)
Lateral cartilage
Deep 62.6 (7.5) 60.2 (6.1) 3.9 (8.0, 0.3)
Intermediate 64.6 (9.2) 59.6 (8.4) 7.7 (10.5, 4.9)
Superﬁcial 71.9 (7.8) 68.8 (9.0) 4.2 (7.5, 1.0)
Changes were calculated as (values at each loading condition values at no loading)/va
95% CI: conﬁdence interval.
* Signiﬁcant difference between values under no loading and each loading condition.for 10 h in an unloaded condition at 20C in the acryl box. Two
pieces of pressure-sensitive ﬁlm (FUJI PRESCALE low sensitivity,
FUJIFILM, Japan) were placed between the femur and the meniscus
on the medial and lateral sides after making a small opening in the
capsule. The incisions allowed access to the posterior root of the
lateral or medial meniscus and facilitated inspection of the poste-
rior compartments to conﬁrm consistent placement of the ﬁlm
below the lateral and medial femoral condyle as well as to verify
that the ﬁlm was not folded on itself. Just as in MRI examinations,
the joints were mounted in the custom compression device.
Neutral loading-1 was applied for the corresponding imaging time.
Films were removed, calibrated with a 0.5 cm2 stamp in a material-
testing machine by applying a set of deﬁned loads, and the staining
of the ﬁlm converted into pressure intervals (N) with image anal-
ysis. The same pressure analysis was conducted for varus loading.
Fukubayashi et al. estimated accuracy of Fuji Prescale ﬁlms within
10%e15%15, and Wu et al. reported the measurement error of the
ﬁlm was approximately 10%16.
Statistical analysis
T2 values under no loading, neutral loading-1, neutral loading-2,
and varus loading conditions at each ROI were compared using
a paired t-test to estimate the inﬂuence of varying compression and
knee alignment. Relationships among T2 values in each zone and
joint pressure measurements recorded by a pressure-sensitive ﬁlm
were evaluated using Spearman’s correlation coefﬁcient. P< 0.05
was considered signiﬁcant.
Results
Under no loading, mean T2 values of the deep, intermediate, and
superﬁcial zoneswere59.3 3.7 ms, 62.47.6 ms, and67.3 6.4 ms
inthemedial cartilage, and62.6 7.5 ms,64.6 9.2 ms,71.9 7.8 ms
in the lateral cartilage (Table I), respectively. T2 values in the medial
and lateral superﬁcial zoneshadsigniﬁcantlyhighervalues compared
to medial and lateral deep zones (P< 0.05).
In the medial cartilage, mean T2 values of the deep, interme-
diate, and superﬁcial zones decreased by 1.4%, 13.0%, and 6.0%
under neutral loading-1, and further decreased by 4.3%, 19.3%, and
17.2% under varus loading, compared with the mean T2 values
under no loading (Figs. 3 and 4). In the lateral cartilage, these T2
values decreased by 3.9%, 7.7%, and 4.2% under neutral loading-1,
but increased by 1.6%, 9.6%, and 7.2% under varus loading (Figs. 3
and 5). There was a signiﬁcant decrease in T2 values in the inter-
mediate zone of the medial cartilage under both neutral loading-1
and varus loading (P< 0.05). In all three zones, changes in T2 time
between neutral loading-1 and neutral loading-2 ranged from 0.8%
to 3.7%, but the difference was not signiﬁcant (Table II).Varus loading
P-Value Mean T2 (SD) Change (95% CI) P-Value
0.68 54.9 (5.2) 4.3 (7.3, 1.4) 0.14
0.03* 46.7 (9.1) 19.3 (23.9, 14.6) 0.0005*
0.17 53.4 (5.1) 17.2 (19.1, 15.4) <0.0001*
0.44 63.7 (6.5) 1.6 (2.8, 6.1) 0.75
0.22 70.7 (5.6) 9.6 (3.5, 15.6) 0.09
0.43 77.1 (8.5) 7.2 (3.9, 10.5) 0.17
lues at no loading 100.
Fig. 3. Change in T2 values (95% conﬁdence interval error bars) at each loading condition. (N¼ 10) Changes were calculated as (values at each loading condition values at no
loading)/values at no loading 100.
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cartilages were 47 8.4 N and 46 5.1 N under neutral loading-1
and 94 21 N and 357.8 N under varus loading (Fig. 6). These
values signiﬁcantly correlated with T2 values in the intermediate
(neutral loading-1 and varus loading: r¼0.64 and 0.49) and
superﬁcial (r¼0.48 and 0.55) zones of the medial cartilage, and
in the intermediate (r¼0.48 and 0.78) and superﬁcial (varus
loading: r¼0.73) zones of the lateral cartilage (Table III, Fig. 7).Discussion
Changes in signal intensity and quantitative assessments of
MRI in response to static loading were investigated using
boneecartilage plugs in experimental studies8,9,11,17. Rubenstein
et al. examined the MRI appearance of an excised bovine cartilage
under static compression9. At an initial pressure of 1.10 MPa, they
observed a decrease in signal intensity in the thin superﬁcial zone
of the cartilage but an increase in the deep zone. This was followed
by a gradual decrease in signal intensity along the entire depth of
the cartilage as the pressure was increased. At a continuous pres-
sure of 0.69 MPa, using a pressure cell, Kaufman et al. observed
a reduction in T1 and T2 values in both normal and trypsin-
degraded bovine cartilage discs under static pressure11. They
calculated the permeability of the cartilage as a function of cartilage
strain, and showed that the high permeability seen in the uncom-
pressed state decreased progressively with increasing strain. A
decrease in T2 values under static loading has been mainly
accounted for depth-dependent movement of water content and
deformation of the collagen architecture within the carti-
lage9,13,18,19. Approximately 80% of a normal cartilage is water20,
and 94% of this water is freely diffusible and readily exchanges with
the intraarticular synovial ﬂuid21. On applying static compression
onto the cartilage, interstitial water exudes from the cartilageFig. 4. Representative sagittal MRI of the medial femoral cartilage in the porcine knee
at each condition. The femoral cartilage was subdivided into three zones using custom-
made software. The lower ﬁgures showed the detail of femoral cartilage.surface or moves to a deeper zone of the cartilage, contributing to
depth-speciﬁc changes in signal intensity of T2 on MRI22. Further-
more, T2 of the articular cartilage is subject to the “magic angle
effect” in accordance with the relative position between collagen
alignment in the cartilage and direction of the external magnetic
ﬁeld23. T2 would change under loading because of altered orien-
tation of collagen ﬁbers relative to the external magnetic ﬁeld, but
the effect of the change is inﬂuenced by pressure distribution and
original anisotropic collagen ﬁber architecture along its depth22.
Reiter et al. investigated water compartmentation in cartilage using
multiexponential analysis of T2 relaxation data to evaluate
anisotropy in the cartilage24. Hardy et al. demonstrated elasto-
graphic method for measuring the spatial variation of compression
within articular cartilage25.
In the present study, the inﬂuence of static loading on T2
mapping of the cartilage was investigated using whole animal knee
joints retaining all intraarticular structures, capsules, and
surrounding muscles. These realistic joint models allowed for static
loading under near-physiological conditions unlike excised carti-
lage specimens, and permitted examining simulated disease
conditions (e.g., varus knee alignment). As expected from experi-
mental studies8,11, a decrease in cartilage T2 occurred in response to
static loading in neutral alignment, with remarkable side- and
depth-dependent variation in T2 changes; this decrease was more
apparent in the medial femorotibial joints. In human knees with
neutral alignment, the medial compartment is subjected to higher
load than the lateral compartment because of the knee adduction
moment in the stance phase26,27. Morrison et al. investigated the
mechanics of knee joint during walking using a force-plate cin-
ephotographic technique, and indicated that the greater part of the
joint force was transmitted by themedial condyle27. Although there
are species-speciﬁc variations in knee morphology and biome-
chanics, the biomechanical status may differ between the medialFig. 5. Representative sagittal MRI of the lateral femoral cartilage in the porcine knee
at each condition. The femoral cartilage was subdivided into three zones using custom-
made software. The lower ﬁgures showed the detail of femoral cartilage.
Table II
T2 values in each zone under neutral loading-1 and neutral loading-2 (N¼ 10)
Zones Medial cartilage (ms) Lateral cartilage (ms)
Neutral loading-1 (SD) Neutral loading-2 (SD) Change (95% CI) Neutral loading-1 (SD) Neutral loading-2 (SD) Change (95% CI)
Deep 58.4 (5.2) 57.4 (5.4) 1.8 (3.7, 0.0) 60.2 (6.1) 58.0 (6.9) 3.7 (7.4, 0.1)
Intermediate 54.4 (7.4) 53.9 (7.4) 0.8 (2.7, 1.1) 59.6 (8.4) 58.8 (9.0) 1.4 (3.8, 1.1)
Superﬁcial 63.1 (6.4) 62.6 (7.2) 1.1 (2.8, 0.6) 68.8 (9.0) 67.1 (8.9) 2.6 (4.3, 0.9)
At neutral loading-2, T2 maps and 3D SPGR images were obtained after compression was continued for 30 min following MR imaging at neutral loading-1, to examine the
inﬂuence of loading duration on cartilage T2 measurements.
Changes were calculated as (values under neutral loading-2 values under neutral loading-1)/values under neutral loading-1 100.
No signiﬁcant difference between values under neutral loading-1 and neutral loading-2.
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showing side-dependent T2 changes under loading.
Decrease in T2 was signiﬁcantly larger in the intermediate
cartilage zone than in the deep cartilage zone in both medial and
lateral femorotibial joints. This depth-wise change in cartilage T2
under static loading may be related to different biomechanical
functions of the cartilage zones. The deep zone of the cartilage
comprises predominantly parallel collagen ﬁbers aligned perpen-
dicular to the subchondral plate (deep zone). The next zone of the
cartilage comprises randomly oriented ﬁbers (intermediate zone).
The thin superﬁcial zone of the cartilage comprises ﬁbers aligned
parallel to the articular surface (superﬁcial zone)22. A radially
oriented collagen network is responsible for the elastic properties
of the cartilage, whereas the tangential arrangement of the collagen
network essentially reﬂects shear forces within the loaded carti-
lage28. Using excised bone-cartilage plugs of juvenile pigs, Gründer
et al. reported that under static loading MR intensity changed
differently in three zones and the MR intensity of radial zone
increased in which collagen ﬁbers spread out and the portion of
ﬁbers oriented at magic angle with respect to the static magnetic
ﬁeld increased8. Rubenstein et al. observed an increase of cartilage
T2 in the deep zone of excised cartilage plugs under static loading
with the effect of increasingly obliquely oriented collagen ﬁbers9. In
contrast, Visser et al. assessed diffusion tensor imaging and carti-
lage T2 to observe adaptations of collagen ﬁbers to mechanical
compression in excised cartilage plugs and demonstrated
compression led to the largest decreased T2 value in the superﬁcial
and transitional zone29. Our result that cartilage T2 values changed
in layer-speciﬁc manner of three zones under static loading was
similar to those previous studies, but predominant trend of
increase or decrease of cartilage T2 by loading was different.
Cartilage T2 in response to static loading was inﬂuenced by severalFig. 6. Representative pressure distributions in pressure-sensitive ﬁlms inserted under
the medial femoral condyle. The color scale at the bottom shows values representing
megapascals. (a) Under neutral loading-1 condition. (b) Under varus loading condition.
Circle in dotted lines corresponds to a weight bearing area. Note that pressure
concentration was shown more severely and diffusely along the medial meniscus
under varus loading condition compared with neutral loading-1 condition.factors, such as deformation of cartilage architecture, extrusion of
water content, and relative increase of proteoglycan and collagen
content within the cartilage6,8,9,13,19. Patterns and severity of those
confounding factors under loading may be different between
excised cartilage plugs and the whole-knee joint model in our
study. Further investigation regarding layer-speciﬁc T2 value under
loading will be required.
These site-speciﬁc changes of cartilage T2 under static loading
were remarkable when there was a change in varus alignment
(varus loading). Guettler et al. investigated femorotibial pressure on
eight fresh-frozen cadaveric knees and found that a relatively small
degree of varus malalignment caused a dramatic alteration in
articular surface contact pressure30. Our ﬁnding that cartilage T2
was further decreased in the medial joints but increased in the
lateral joints under varus loading was in accordance with the
biomechanical studies of Guettler et al.30. Signiﬁcant correlation
with joint pressure measurements and cartilage T2 values in the
present study also indicated the usefulness of T2 change under
static loading for biomechanical assessment. In patients with knee
disorders, increased mechanical stress caused by malalignment is
an important risk factor for progression of femorotibial osteoar-
thritis26. T2 mapping under loading may be a potent, non-invasive
imaging tool for prognosis of osteoarthritis progression by evalu-
ating altered loading condition imposed on the cartilage resulting
from abnormal knee alignment such as varus deformity, and
degenerative or traumatic disorders of the meniscus18.
Cartilage deformation under loading occurs as a function of time
and magnitude of load application. Herberhold et al. studied defor-
mational behavior of the articular cartilage under static loading of
150%of thebodyweightwith femoropatellar knee imaging ex vivo10.
Thedeformationsof thepatellarand femoral cartilages after8 minof
compression were 25%e30% of the ﬁnal deformation of these
cartilages after 214 min of compression. We compared cartilage T2
under the same static loading conditions after 5 min (neutral
loading-1) and 30 min (neutral loading-2) of compression to
examine the inﬂuence of loading duration on cartilage T2
measurements. There was no signiﬁcant difference in T2 values
between neutral loading-1 and neutral loading-2 in any zone. This
may indicate that equilibrium of cartilage deformation in responseTable III
Correlation coefﬁcient between T2 values and contact pressure in each zone under







Deep 0.17 0.11 0.647 0.12 0.13 0.741
Intermediate 0.64 0.66 0.031* 0.49 0.42 0.047*
Superﬁcial 0.48 0.47 0.048* 0.55 0.53 0.043*
Lateral cartilage
Deep 0.23 0.27 0.533 0.39 0.41 0.179
Intermediate 0.48 0.59 0.049* 0.78 0.67 0.005*
Superﬁcial 0.41 0.44 0.184 0.73 0.80 0.015*
* Signiﬁcant correlation between T2 values and contact pressure.
Fig. 7. The correlation between T2 values and contact pressure in the lateral cartilage on varus loading. (a) deep zone (b) intermediate zone (c) superﬁcial zone.
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study. A relatively low magnitude of applied load (approximately
one-third of the bodyweight)may shorten the duration to reach the
ﬁnal equilibrium condition of cartilage deformation.
Our study had several limitations. First, the cartilage boundary
for ROI placementswasmanually deﬁned for calculation of cartilage
T2. However, cartilage boundarywas easily determined presumably
because of the relatively high in-plane resolution, high signal
contrast between the cartilage and adjacent subchondral bone, and
use of anterior and posterior menisci as anatomical landmarks. The
intra-observer and inter-observer reproducibility of cartilage T2
measurements in the present study ranged from 3% to 5% at each
zone, which was comparable to results obtained in previous
studies13,31. We detected signiﬁcant decreases in cartilage T2 values
at intermediate zone under neutral loading-1 and varus loading,
which were more than the double of the reproducibility of T2
measurements. Given the acceptable reproducibility of the present
measurements to detect signiﬁcant change of cartilage T2 by
loading, we consider that ROIs were reliably deﬁned in the present
study. Second, the composition and thickness of the articular carti-
lage in different species may vary with different load-bearing
patterns, and the exvivowhole-kneemodel didnot take into account
surrounding muscle action (e.g., contraction of quadriceps or
hamstrings) or forces from surrounding ligamentous restraints.
Severity and localization of change in the MRI measurements in
association with loading or varus alignment may be different in
human knee imaging in vivo. In the present study, distribution
patternsof T2mappingwith lowerT2 in thedeepzoneandhigherT2
in the superﬁcial zone without loading were similar to those of
human adult cartilage in vivo32,33. We believe that this model had
awater distribution pattern similar to human cartilage and allowed
investigation of the load response of cartilage extracellular matrix
mainly with respect to water distribution by T2 mapping. Third,
although time-dependent compressive creep and stress relaxation
behavior of cartilage occur in the biphasic theory34, we validated
accuracy of the device using an incompressible rodbecause a testing
material which had biomaterial property similar to viscoelastic
property of cartilage was not available. In the present study, the
analysis of the cartilage deformation of the weight-bearing area in
the SPGR image corresponding T2 map showed mean reduction of
approximately 0.2 mm thickness under neutral loading-1, and
approximately 0.4 mm thickness under varus loading compared
with the initial thickness. Compression of viscoelastic foammaterial
by10 mmresulted inproviding continuous compression force to the
incompressible rod by 134 Ne140 N. Loss of compression of the
foammaterial by 0.4 mmdue to cartilage deformationwas assumed
to decrease the compression force about 4.8 N from additional
experiments (data was not shown). As the cartilage deformation of
viscoelastic phenomena was relatively small compared with the
displacement of the foam material, we considered the result of the
preliminary test with incompressible rod provided similar results
regarding the accuracy of the device. Fourth, cartilage T2 was eval-
uated under viscoelastic phenomena such as stress relaxation, butthe pressure-sensitive ﬁlm left inside a joint recorded the peak
pressures during the loading period. Although real-time measure-
ment of pressurewas impossible for the pressure-sensitive ﬁlm, this
ﬁlmhas advantages inmatching the sheet formtoconvexof theknee
joint andminimizing change of biomechanical condition by placing
the thin ﬁlm into the knee joint. With this limitation in mind, we
investigated how femoral cartilage T2 changed in layer-speciﬁc
manner using the realistic whole-knee joint model when cartilage
surfacewas compressed by static loading and varus knee alignment
condition. Care should be taken for interpretation of the present
ﬁnding that direct correlation between depth-wise distribution of
strain and T2 value within the cartilage was not clariﬁed in this
study. Finally, we also have interest on analysis of T2 changes of the
tibial cartilage in association with the opposing femoral cartilage
when the load is applied.However, comparisonof the T2mapping in
the same location of the tibial cartilage between the neutral loading
and varus loading might be difﬁcult because it was difﬁcult to place
the same saggital imaging plane in the oblique-positioned tibia at
varus loading, to the imagingplane in theneutral-positioned tibia. In
contrast, the position of the femur was constant throughout the
experiment (no loading, neutral loading and varus loading). In our
layer-speciﬁc analysis of cartilage T2, ROI placement in the same
anatomical location was important to reveal accurate change of T2
value in associationwith loading conditions. Furthermore, thickness
of the tibial cartilage, ranging 1 mme2 mm, was small as compared
with the femoral cartilage thickness ranging 3 mme4 mm. In
the present study, in-plane resolution of T2 maps was
0.26 mm 0.39 mm. Due to thin thickness, we consider that
adequateevaluationof T2values in the three subdivided layers along
the cartilage depth was difﬁcult in the tibial cartilage. From these
concerns, we focused on analysis of T2 changes of the femoral
cartilage in the present study.
In conclusion, our results indicated that quantitative assessment
of MRI for the cartilage differed in various physiological conditions,
and T2 mapping under static loading allowed non-invasive
biomechanical assessment of site-speciﬁc stress distribution in the
cartilage. Although further investigations will be required, evalua-
tion of dynamic changes in the collagen architecture, along with
evaluation of water inﬂux or efﬂux through the cartilage in
response to physiological loading, may provide more sensitive and
detailed assessment of degenerative pathological changes and
load-bearing function of the cartilage compared to mere static
assessment of solid matrix and water content.
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